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Creep and flow of glasses: 
strain response linked to the 
spatial distribution of dynamical 
heterogeneities
T. Sentjabrskaja1, P. Chaudhuri2, M. Hermes3, W. C. K. Poon3, J. Horbach2, S. U. Egelhaaf1 & 
M. Laurati1
Mechanical properties are of central importance to materials sciences, in particular if they depend 
on external stimuli. Here we investigate the rheological response of amorphous solids, namely 
colloidal glasses, to external forces. Using confocal microscopy and computer simulations, we 
establish a quantitative link between the macroscopic creep response and the microscopic single-
particle dynamics. We observe dynamical heterogeneities, namely regions of enhanced mobility, 
which remain localized in the creep regime, but grow for applied stresses leading to steady flow. 
These different behaviors are also reflected in the average particle dynamics, quantified by the mean 
squared displacement of the individual particles, and the fraction of active regions. Both microscopic 
quantities are found to be proportional to the macroscopic strain, despite the non-equilibrium and 
non-linear conditions during creep and the transient regime prior to steady flow.
The properties of materials not only depend on their chemical composition, but also on the arrangement 
and dynamics of their constituents. It is thus crucial to understand the link between the macroscopic 
behaviour and the microscopic single-particle level. The relation between an applied mechanical force 
and microscopic processes is understood for crystalline, i.e. ordered, materials. Crystalline solids (like 
metals, ceramics or minerals) irreversibly deform when subjected to a load which is small enough to 
avoid fracture, although this response is very slow. This kind of response is called creep and originates 
from the presence of defects in the otherwise ordered arrangement of atoms. The diffusion of vacancies 
and dislocations is responsible for the observed plastic deformation1. The same relation and microscopic 
processes cannot occur in amorphous, i.e. disordered, materials.
Nevertheless, in amorphous solid-like materials, a similar macroscopic creep response is observed 
under application of shear stresses below the yield stress σy , i.e. below the transition from an elastic to a 
plastic response. The macroscopic creep response has been intensively studied in metallic, polymeric and 
colloidal glasses2–7. Several models8–15, successfully describe the time evolution of the strain measured 
during creep, namely its characteristic sub-linear time dependence. However, the relation of the creep 
response to the microscopic structure and dynamics has hardly been determined and is not well under-
stood. Due to the disordered structure of amorphous solids the concept of defects is not applicable and a 
microscopic mechanism different from the one in crystalline solids must be responsible for creep. Thus, 
to make progress, microscopic observations on a single-particle level during creep tests are required.
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Combining experiments and simulations, we investigated colloidal glasses when constant stress is 
suddenly applied, i.e. during creep tests . We reveal a quantitative link between the macroscopic rheolog-
ical response and the microscopic dynamics. This is possible due to recent developments in simultane-
ously performing rheology and confocal microscopy16,17. During creep flow near the yielding threshold, 
we observe that very few particles undergo large non-affine displacements which leads to pronounced, 
but spatially localized, dynamical heterogeneities and sub-diffusive dynamics. In contrast, for stresses 
beyond the yield stress, transient super-diffusive dynamics mark the onset of steady flow. At the same 
time, growing domains of enhanced dynamic activity are present, with their number correlating with 
the macroscopic strain. This is reflected in a correlation between the macroscopic strain and the single 
particle displacements. In addition to the steady-state flow regime, this correlation also holds in the creep 
and transient states, specially for stresses near the yield stress. Hence, we can quantitatively relate the 
macroscopic rheological response of soft glasses to the average and heterogeneous microscopic dynam-
ics which are spatially localized during creep but span the entire system at large stresses that lead to 
flow. The different microscopic behavior thus reflects the different macroscopic response during creep 
and flow, respectively. This extends previous observations to non-linear and non-equilibrium situations. 
Furthermore, as we observe the same behavior for different systems, realized in the experiments and 
simulations, this appears to be a general feature of glasses.
Results and Discussion
In our experiments and simulations we investigated two different model colloidal glasses. In the experi-
ments, the glass is a binary mixture of sterically stabilised PMMA spheres with a size ratio of 5, dispersed 
in a density and refractive index matching solvent, with total volume fraction φ = 0.61 and a relative 
volume fraction of small spheres xS = φS/φ = 0.1. In this binary glass, the motion of the large particles is 
arrested via caging by neighbouring large particles18–20. In our molecular dynamics simulations, the glass 
is formed by a binary Yukawa fluid of large and small spheres with size ratio 1.2 and a relative number 
fraction of small spheres of 0.5, large enough to prevent crystallization. This system is quenched to 
T = 0.10, i.e well below the mode-coupling critical temperature of the system, Tc = 0.14. All times are 
normalized; in the experiments by the short-time one-dimensional Brownian diffusion time of the large 
spheres, d k T3 8 3 760
exp
L
3
Bτ πη= / ≈ .  s, where dL is the diameter of the large spheres , η is the viscosity 
and kBT the thermal energy, and in the simulations by the time unit md0
sim
S
2
SS
1 2τ ε= ( / ) / , where m, dS 
and SS are units of mass, length and energy, respectively, with dS the diameter of the small spheres and 
SS the energy-scale corresponding to the interaction between small particles. The colloidal glasses inves-
tigated in experiments and simulations hence involve different interactions and different mixing and size 
ratios of their components. Using these different model systems allows us to explore the general features 
in the response of glasses to externally applied stresses.
Macroscopic Strain is Quantitatively Related to Single-Particle Mean Squared Displacement. 
We performed a step to an applied constant stress (σ = const) on an initially quiescent glass. In the 
experiments, the stress was applied using a commercial stress-controlled rheometer, while in the simu-
lations one wall was pulled by a constant force F0. We monitored the macroscopic response via the time 
evolution of strain γ(t). This situation is in contrast to the case of imposing a constant shear rate 
(γ  = const)21–27, where the bulk stress σ(t) is monitored. Unlike for an applied shear rate γ , when constant 
stress σ is applied there is no timescale imposed and flow regimes below yielding can be investigated. 
The choice of control parameter, i.e. constant σ or constant γ , hence determines the intermediate flow 
states via which a glass evolves from the quiescent state to steady flow11. In the following, we exploit these 
possibilities and link the increasing macroscopic strain to the evolution of local particle motions, using 
stress as the external variable and including stresses below the yield stress σy . In experiments, we esti-
mated the yield stress of the glass, σy ≈ 0.010 Pa, from the stress at the crossing point of the storage and 
loss moduli in large amplitude oscillatory shear measurements at 1 rad/s. In simulations, at T = 0.10 the 
yield stress σy = 0.072 (in simulation units) was estimated by strain-rate controlled simulations28.
If the applied stress σ ≈ σy , a characteristic creep response is observed with the strain increasing 
sub-linearly with time within the experimental window, γ ~ ta with a ≈ 0.5 (Fig.  1a, broken line). 
Furthermore, for σ = 0.9σy (Fig. 1b, broken line), a smaller effective exponent is found, in agreement with 
previous results6,12,28–30. Hence, for yσ σ<

 , the deformation occurs extremely slowly and the system is 
unable to reach a steady state within the observation time. This is reflected in the particle dynamics in 
vorticity (neutral) direction, namely the mean squared displacement (MSD) Δ y2(t) (Fig.  1c,d, broken 
lines). In experiments and simulations, at short times the increase of the MSDs is limited, consistent with 
caging, while at longer times a sub-diffusive regime is observed; Δ y2 ~ tb with b < 1. We find b ≈ a within 
the explored time window. The MSDs show little change with the waiting times tw after the beginning of 
the stress application (Fig. 1c,d, broken lines). The observed macroscopic creep response and the absence 
of steady-state flow is thus connected to the particles’ inability to diffuse.
In contrast, if yσ σ  , the strain response shows a rapid transition to a steady flow regime, which 
corresponds to γ ~ t, i.e. γ  is constant (Fig. 1a,b, solid lines). The MSDs again display caging at interme-
diate times (Fig.  1c,d, solid line), while at long times diffusion27,31–33. The slightly lower MSD plateau 
observed in experiments is due to cage constriction18, and is also observed in Brownian dynamics 
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simulations24,27, but not in molecular dynamics simulations where the microscopic dynamics is Newtonian. 
In between caging and long time diffusion, a transient super-diffusive regime is observed. This coincides 
with the transition of the rheological response from the initial elastic regime to the flow regime. Note 
that in the experiments, the initial superlinear increase in strain is a known effect of the rheometer’s 
inertia34. With increasing waiting time tw (Fig. 1c,d), super-diffusion occurs at increasingly earlier times 
and for increasingly shorter time intervals, until it almost disappears in the steady state. Thus, the onset 
of flow is characterized by transient super-diffusion and, subsequently in the steady state, by diffusion. 
This indicates that the different regimes in the macroscopic strain response γ(t) are reflected in different 
features of the single-particle dynamics, here characterized by the MSD Δ y2(t).
We now quantitatively investigate the relation between the macroscopic strain γ(t) and the micro-
scopic MSDs Δ y2(t). In the case of steady flow t tγ γ( ) =   and, since then the particles diffuse, 
Δ y2(t) ~ D(σ)t, which implies that y t D t C t[ ]2 σ γ γ σ γΔ ( ) ( )/ ( ) = ( ) ( )~ . Previous experiments and 
simulations under constant applied shear rate have found D 0 8γ .~  21,22, which implies C 0 2σ( ) γ− .~ , 
since stress and strain control are equivalent in steady flow. In our case, in the asymptotic diffusive 
regime (corresponding to 10γ  , Fig. 1a,b) we observe an approximate linear relation Δ y2(t) ~ γ (t) for 
a large range of σ (Fig. 2a, Sec. 1 in Supplementary Information). The slight shifts between the curves 
for different σ occur due to the expected behaviour of C(σ) (Fig. 2b). If Δ y2 is rescaled by C(σ), the data 
fall onto a single line of slope 1 (Fig. 2c).
Although our argument for the relation Δ y2(t) ~ γ(t) is based on the assumption of steady flow, the 
relation surprisingly also holds in non-steady states for 10γ <

, which corresponds to creep (for yσ σ<

) 
or the transient regime before steady flow (for σ > σy). In contrast, Δ y2(t) ~ γ(t) does not hold for large 
Figure 1. Comparison of (left) experimental and (right) simulation results. (top) Time-dependence 
of the strain γ(t) for applied stresses σ as indicated, relative to the yield stress σy. (bottom) Mean squared 
displacement in the vorticity direction, Δ y2, (indicated by same colors and line styles), immediately after 
stress application, i.e. for waiting time tw = 0, and larger tw (as indicated) until the steady-state is reached, i.e. 
tw→ ∞ (symbols). For the smaller applied stress, Δ y2 is divided by a factor 3 for clarity, both in experiments 
and simulations.
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stresses σ and small strains γ (or short times t). In both, experiments and simulations, systematic devi-
ations are seen to occur with increasing stress. The deviations occur due to a time lag between the par-
ticles’ motion beyond their cages and the onset of macroscopic deformation (Fig. SM-1, Supplementary 
Information). Moreover, at very short times, i.e. in the initial elastic regime (Fig. 1), the proportionality 
is also not observed. This suggests that the observed correlation is a consequence of the plasticity that 
develops after the initial elastic regime. Our observations mark a clear difference between the yielding 
response under applied constant stress (investigated here) and applied constant shear rate (investigated 
in24,26). In the latter, Δ y2(t) ~ γ(t) cannot hold in the transient regime, where Δ y2(t) increases superline-
arly with t while γ(t) increases linearly. Note that this connection between nonlinear strain and the 
single-particle dynamics is an implicit assumption in a recent theoretical approach based on a nonlinear 
Langevin equation35–37. Our data indicates to what extent such a connection is valid.
Displacement Distributions Indicate Small Fraction of Mobile Particles. In addition to the 
characterisation of the particle displacements via the MSD, i.e. a mean value, we have also investigated 
the distribution of the displacements, namely the self part of the van Hove function p(Δ y). For σ ≈ σy 
(Fig.  3, left), at all times the van Hove functions exhibit a nearly Gaussian shape for small Δ y, which 
corresponds to localised particles, and moderate exponential tails which correspond to large displace-
ments of a small fraction of particles. The non-Gaussian tails only slightly change with increasing time. 
This indicates that shear-induced delocalisation is a very slow process. In particular, large displacements 
at the shortest time of the measurement t 0 00370 0
expτ/ = .  hardly occur and therefore macroscopic flow 
is delayed.
For σ > σy (Fig. 3, right) shear leads to a larger deviation from a Gaussian distribution with a signif-
icant number of large displacements. The deviation from Gaussian behavior was quantified by the time 
dependence of the integral IR(t) of the residuals of the Gaussian fits to p(Δ y), which, for each fixed 
time, was normalised to the integral of the distribution (Fig. 3, inset). A non monotonic trend of IR(t) 
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Figure 2. (a) Mean squared displacement in vorticity direction, Δ y2, as a function of strain γ for different 
values of the applied stress σ/σy obtained in experiments and simulations (Sec. 1 of Supplementary 
Information). The experimental Δ y2 values are multiplied by a constant factor in order to match the 
simulation data. (b) Ratio of diffusion coefficient to shear rate, C Dσ σ γ( ) = ( )/

, obtained from fits (Sec. 1 of 
Supplementary Information), as a function of the shear rate in the steady state, γ

. The dashed line indicates 
a power-law C 0 2σ γ( ) − .

~ . (c) Scaling plot of Δ y2/C(σ) as a function of γ, with the dashed line indicating a 
slope of 1.
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is observed, with a maximum value during the intermediate super-diffusive regime. At later times IR(t) 
continuously decreases and eventually vanishes when diffusion sets in and a Gaussian distribution of 
displacements is recovered.
Evolution of Dynamical Activity Follows Macroscopic Strain. The tails in the van Hove function 
p(Δ y) reveal the existence of a small number of very mobile particles during the transient regime. We 
Figure 3. Van Hove self-correlation functions, i.e. distributions of displacements p(Δy), determined 
(top) by experiments for (a) a stress σ ≈ σy, a waiting time tw = 0 and times t 0 00370
expτ/ = . , 0.54, 1.05, 2.12 
and 5.31 (left to right) and (b) σ ≈ 5σy, tw = 0 and same times, except the longest time here is t 2 650
expτ/ = . , 
(bottom) by simulations for (c) σ ≈ 1.1σy, tw = 0 and t 20 3 7 10 11 10 56 100
sim 3 3 3τ/ = , . × , × , ×  and 
110 × 103 (left to right) and (d) σ ≈ 1.53σy, tw = 0 and t 20 1 01 10 3 7 10 7 4 100
sim 3 3 3τ/ = , . × , . × , . ×  and 
18.6 × 103 (left to right). Dashed lines represent Gaussian fits to p(Δ y) for small Δ y. Insets: normalized 
integral IR of the residuals of the Gaussian fits in the main plots, as a function of time t/τ0.
www.nature.com/scientificreports/
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quantify the time evolution of the fraction of these mobile particles by the ratio t I ta
vH
aΦ ( ) = ( ) with Ia 
the integral of p(Δ y) for displacements Δ y/d > 5Δ ymin, with d = dS and dL in simulations and experi-
ments, respectively (Fig. 4, solid symbols). The value y y t dmin
2
0
2Δ = Δ ( )/  is the localization length 
estimated from the MSDs at the shortest time t0 (Fig.  1c,d). In simulations the time-dependence of 
ta
vHΦ ( ) closely follows that of the instantaneous strain γ(t), up to t 1a
vHΦ ( ) =  (Fig.  4a, lines). In the 
experiments, similar results for ta
vHΦ ( ) are observed (Fig. 4b) except that, in contrast to the simulations, 
γ(t) is not the instantaneous strain but a time average, leading to a small deviation between ta
vHΦ ( ) and 
γ(t). The macroscopic strain is therefore not only proportional to the average mean squared displacement 
(Fig. 2) but also the fraction of mobile particles: this indicates that the mobile, dynamically active parti-
cles contribute most significantly to the mean squared displacement. This is true both below and above 
the yield stress.
Spatial Distribution of Dynamical Activity is Heterogeneous. We introduce spatial coarse-graining 
in order to reduce noise. We divide the field of view into 10 × 10 square boxes, each with size (2.8 dL)2. For 
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Figure 4. Fraction of active particles ta
vHΦ ( ) (solid symbols) and active boxes ta
bΦ ( ) (open symbols) 
determined (a) by simulations at stresses σ/σy = 0.9 (●, ○), 1.1 (▲, ∆), 1.4 (◊), 1.53 (▷) and (b) by 
experiments at σ/σy ≈ 1.0 (■, □ ) and 5.0 (▲, ∆). Lines of the same colour represent the strain γ for the 
corresponding applied stresses, where the instantaneous strain is shown in the case of the simulations.
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each particle i, the displacement in the vorticity direction, Δ yi(t) = yi(t)–yi(t0), was determined. The average 
particle mobility in box lm, with l, m 1 10= … , was calculated according to
t y t 1lm i lmμ ( ) = Δ ( ) ( )
where 
lm…  denotes an average over all the particles which were in the box lm at t = t0. A box lm is 
defined active at time t if μlm > 5Δ ymin, following the same criterion used to distinguish largest displace-
ments of single particles in the van Hove functions (Fig.  1c,d). The fraction of active boxes, 
t N t Na
b
a totΦ ( ) = ( )/ , with Na the number of active boxes and Ntot the total number of boxes. With time 
ta
bΦ ( ) grows as the fraction of the single mobile particles ta
vHΦ ( ) (Fig.  4, symbols). Thus, the 
time-dependence of ta
bΦ ( ) is also proportional to γ (t). A similar connection between the number of 
active regions and strain growth was experimentally observed in the creep flow of frictional granular 
particles38.
To investigate the existence of heterogeneity in the dynamical activity, we consider the spatial distri-
bution of active boxes. For σ ≈ σy , the distribution of local mobilities within the velocity-vorticity plane 
does not indicate any prominent features (Fig. 5, top). At any specific time, there are some active boxes 
with larger mobilities, but the locations of the boxes with the largest mobilities vary randomly with time. 
For σ ≈ 5σy, similar mobilities occur at short times, when the localisation plateau in the MSD is observed 
(Fig.  5a,b, bottom). In contrast, at t 0 3 0
expτ> .

, roughly coincident with the onset of super-diffusion in 
the MSDs determined for tw = 0 (Fig. 1c), a region with enhanced mobilities emerges (Fig. 5c,d, bottom), 
expands with time (Fig.  5e, bottom) and spans almost the whole field of view once the system flows 
(Fig. 5f, bottom). Hence, the onset of flow (Fig. 1a,b) coincides with the appearance of a region of higher 
local mobility (Fig. 5) and super-diffusive dynamics (Fig. 1c,d). Furthermore, it leads to the pronounced 
non-Gaussian tails in the van Hove correlation function at intermediate times (Fig. 3), which disappear 
once steady flow has developed and the dynamics again becomes more homogeneous (Fig. 3, inset).
The enhanced local mobilities do not result from sudden large displacements, but occur through the 
accumulation of only slightly above-average local, non-affine particle displacements. This has been con-
firmed by calculating the instantaneous mobilities from 0 18 0
expτ.  to 0 46 0
expτ.  and 0 28 0
expτ.  to 0 56 0
expτ. , i.e. 
for 10 sampling times, instead of starting from the shortest measurement time (as in Fig. 5). No large 
instantaneous mobilities and no significant difference to σ ≈ σy are observed (Sec. 2 in Supplementary 
Information). Similar results are obtained in our simulations. The occurrence of correlated plastic 
events39,40 and avalanche-like behavior41,42 have been proposed as mechanisms driving the onset of flow. 
Such cooperative events might be connected to the correlated local mobilities and their spreading 
observed in our study. The observed intermittency in the displacements might also be related to stick-slip 
motion43.
The larger area in the velocity-vorticity plane monitored in the experiments allows us to quantitatively 
investigate the spatial growth of active regions. If the box lm is active or inactive, nlm is defined as 1 or 
0, respectively. Based on this definition, we calculate the spatial correlation of active boxes, that is the 
box-box correlation function, G r n nlm l m( ) = ′ ′  with r2 = (l–l′ )2 + (m–m′ )2 (Fig. 6a). The brackets …  
indicate an average over the individual boxes. The characteristic length ξ of the spatial correlation G(r) 
was determined by fitting a stretched exponential function f r A rexp[ ]ξ( ) = −( / )β  to G(r). The corre-
lation length ξ(t) increases from an initial value ξ ≈ 5dL at t 0 10 0
expτ= .  to ξ ≈ 30dL at t 0 92 0
expτ= . , with 
Figure 5. Maps of average particle mobilities μlm(t) within boxes lm (Eq. (1)) for (top) stress σ ≈ σy and 
(bottom) σ ≈ 5σy and times t 0 025 0 20 0 27 0 43 0 53 0 800
expτ/ = . , . , . , . , . , .  (a–f, indicated in Fig. 1c by dashed 
lines) as observed in experiments. The box size is (2.8 dL)2.
www.nature.com/scientificreports/
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ξ(t) ~ t2/3 (Fig. 6b). For σ ≈ σy the correlation length ξ(t) instead does not grow and stays approximately 
constant for all times t (data not shown).
Conclusions
Using experiments and simulations, we demonstrated that under applied stress, the macroscopic defor-
mation of glasses can be linked in a consistent way to the single particle displacements. In particular, the 
strain is approximately linearly related to the single-particle MSD even in the time-dependent non-linear 
response regime, including the creep and the transient regime preceding steady flow. Furthermore, the 
fraction of active particles in the van Hove function as well as the fraction of active regions, i.e. of 
groups of particles, is also proportional to the macroscopic strain. Heterogeneities in the location of 
these active particles are present both for applied stresses smaller and larger than the yield stress. The 
spatial distribution of regions with larger displacements determines the onset of flow. For applied stresses 
around the yield stress, i.e. during creep, localised regions of enhanced dynamical activity allow only 
for sub-diffusive dynamics. Increasing the stress beyond the yield stress, the active regions grow heter-
ogeneously and super-diffusive transients emerge leading to particle diffusion with steady flow setting 
in. We observe qualitatively the same behavior for the different models studied in our experiments and 
simulations and thus expect that our observations represent generic features of glasses.
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Figure 6. (a) Box-box correlation functions G(r) for stress σ/σy ≈ 5 and time t 0 10
expτ/ = . , 0.20, 0.27, 0.43, 
0.53, 0.66, 0.80 and 0.93 (left to right) as observed in experiments. Lines represent stretched exponential fits. 
(b) Correlation length of active boxes, ξ, as a function of time for σ/σy ≈ 5.0; the line indicates ξ/dL ~ t2/3.
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Future work should focus on understanding how the external stress leads to the occurrence of locally 
enhanced mobilities, e.g. whether these are related to thermally activated local structural changes. 
Furthermore, the mechanisms that drive the spreading of the active regions within the plane as well 
as in the transverse direction need to be identified, thereby providing possible links to transient shear 
banding in the velocity-gradient plane28,44. All these would help to develop a more complete scenario for 
the fluidisation of glassy systems under applied stress. Furthermore, it can open the route to the rational 
design of materials with desired response to applied stresses.
Methods
Experiments. We investigated a mixture of sterically stabilized PMMA spheres of diameters 
dL = 1.76 μm (fluorescently labeled) and dS = 0.36 μm, dispersed in a cis-decalin/cycloheptyl-bromide 
mixture which closely matches their density and refractive index. After addition of salt (tetrabutylam-
moniumchloride), this system presents hard-sphere like interactions45,46. The total volume fraction is 
φ = 0.61 and the relative fraction of small spheres xS = φS/φ = 0.1. The formation of a glassy state in this 
mixture was demonstrated by using rheology and confocal microscopy measurements of the dynamics 
of large particles18–20. The presence of small spheres, with their larger energy density, increases the yield 
stress of the system, thereby improving the quality of the rheological data while still allowing for the 
simultaneous observation of the large spheres with confocal microscopy16,17. The rheological and confo-
cal microscopy measurements reported in the manuscript were obtained using a combination of a com-
mercial MCR-301 WSP stress-controlled rheometer (Anton-Paar) and a VT-Eye confocal unit (Visitech) 
mounted on a Nikon Ti-U inverted microscope, with a Nikon Plan Apo 60x oil immersion objective 
(NA = 1.40). We used a cone-plate geometry of diameter 50 mm, cone angle 1° and truncation gap 
100 μm. The bottom plate consists of a microscope coverslip which was coated with a mixture of PMMA 
particles of radius 0.885 μm and 0.174 μm. The surface of the cone is sandblasted. The roughness of the 
geometries prevents wall-slip, as verified by imaging. A solvent trap was used to reduce solvent evapora-
tion. Due to the fact that rheological measurements on colloidal glasses are affected by loading effects, 
shear history and aging, before each test a renjuvenation procedure was performed in order to obtain a 
reproducible initial state of the system. After loading, we performed a dynamic strain sweep to estimate 
the yield strain γy of the system from the crossing point of the strain-dependent storage, G′ , and loss, 
G′ ′ , moduli. Oscillatory shear at 3 yγ γ=   was applied to induce flow and maintained until the 
time-dependent G′ and G′ ′ reached a stationary state, typically after 200 s. Afterwards, oscillatory shear 
in the linear viscoelastic regime, γ = 0.001, was applied until G′ and G′ ′ became stationary, typically for 
t > 300 s. The state characterised by the stationary values of G′ and G′ ′ was the initial state, prepared 
before each creep measurement. The relative error on the strain determination during creep measure-
ments is smaller than 1%.
Confocal microscopy images were acquired in a velocity-vorticity plane about 6 mm from the center 
of the geometries and 30 μm from the bottom plate. Images with 512 × 512 pixels, corresponding to 
51 μm × 51 μm, were acquired at a rate of 67 frames per second, which ensured accurate particle tracking 
even at the highest applied stresses (typical movies in Supplementary Information). By imaging the 
truncation gap of the cone, we verified that bending of the coverslip is negligible16. This is also indicated 
by the fact that, despite the applied stress, the particles in the imaging plane remain perfectly in focus 
(movies in Supplementary Information). The fact that we can image the truncation gap of the cone is 
also used to check that the bottom plate is perpendicular to the rotation axis of the cone. Particle coor-
dinates and trajectories were extracted from the images using standard routines47. Mean squared dis-
placements from four independent measurements were averaged. The noise contribution to our MSD 
data was estimated from the MSD of an immobile sample, resulting in y d 4 102 L
2 4Δ / ≈ × − , i.e. a factor 
of about 2.5 times smaller than the Δ y2(t) values measured at short times.
Simulations. In our molecular dynamics simulations, a 50:50 binary Yukawa fluid of large and small 
spheres with size ratio 1.2 is investigated. The model parameters have been reported earlier26,28,48. Our 
simulations have been performed for samples consisting of N = 12800 particles and having dimensions 
Lx = 26.66dS, Ly = 13.33dS, Lz = 53.31dS. We work in the NVT ensemble using periodic boundary condi-
tions, the temperature being controlled by a Lowe thermostat49. The mode-coupling critical temperature 
of the system is Tc = 0.14. The system is equilibrated at T = 0.15 and then instantaneously quenched to 
T = 0.10, where it is aged for 104 0
simτ . At this time, the walls are generated by freezing particles at 
0 < z < 2dS and Lz–2dS < z < Lz 28. Stress is applied by pulling one wall at a constant force F0 in the x 
direction. For each applied stress, runs over 24 independent replicas of the system were averaged. Similar 
to the experiments, the dynamics were measured in a slice at the centre of the volume having thickness 
13.3dS and distance about 18dS to the walls on each side.
References
1. Poirier, J. P. Creep of Crystals (Cambridge University Press, 1985).
2. Suryanarayana, C. & Inoue, A. Bulk Metallic Glasses (CRC Press, Taylor and Francis Group, 2011).
3. Oswald, P. Rheophysics (Cambridge University Press, 2009).
4. Larson, R. G. The Structure and Rheology of Complex Fluids (Oxford University Press, 1999).
www.nature.com/scientificreports/
1 0Scientific RepoRts | 5:11884 | DOi: 10.1038/srep11884
5. Laurati, M., Egelhaaf, S. U. & Petekidis, G. Nonlinear rheology of colloidal gels with intermediate volume fraction. J. Rheol. 55, 
673 (2011).
6. Divoux, T., Barentin, C. & Manneville, S. From stress-induced fluidization processes to Herschel-Bulkley behaviour in simple 
yield stress fluids. Soft Matter 7, 8409 (2011).
7. Pham, K. N. et al. Yielding behavior of repulsion- and attraction-dominated colloidal glasses. J. Rheol. 52, 649 (2008).
8. McKenna, G. B. On the Physics Required for Prediction of Long Term Performance of Polymers and Their Composites. J. Res. 
Natl. Inst. Stand. Technol. 99, 169 (1994).
9. Fielding, S. M., Sollich, P. & Cates, M. E. Aging and rheology in soft materials. J. Rheol. 44, 323 (2000).
10. Falk, M. L. & Langer, J. S. Dynamics of viscoplastic deformation in amorphous solids. Phys. Rev. E 57, 7192 (1998).
11. Derec, C., Ajdari, A. & Lequeux, F. Rheology and aging: A simple approach. Eur. Phys. J. E 4, 355 (2001).
12. Siebenbürger, M., Ballauff, M. & Voigtmann, Th. Creep in Colloidal Glasses. Phys. Rev. Lett. 108, 255701 (2012).
13. Spaepen, F. A microscopic mechanism for steady state inhomogeneous flow in metallic glasses. Acta Metall. 25, 407 (1977).
14. Argon, A. S. Plastic deformation in metallic glasses. Acta Metall. 27, 47 (1979).
15. Johnson, W. L., Demetriou, M. D., Harmon, J. S., Lind, M. L. & Samwer, K. Rheology and Ultrasonic Properties of Metallic 
Glass-Forming Liquids: A Potential Energy Landscape Perspective. MRS Bull. 32, 644 (2007).
16. Besseling, R., Isa, L., Weeks, E. R. & Poon, W. C. K. Quantitative imaging of colloidal flows. Adv. Coll. Int. Sci. 146, 1 (2009).
17. Dutta, S. K., Mbi, A., Arevalo, R. C. & Blair, D. L. Development of a confocal rheometer for soft and biological materials. Rev. 
Sci. Instrum. 84, 063702 (2013).
18. Sentjabrskaja, T., Guu, D., Lettinga, M. P., Egelhaaf, S. U. & Laurati, M. Glasses of dynamically asymmetric binary colloidal 
mixtures: Quiescent properties and dynamics under shear. AIP Conf. Proc. 1518, 206 (2013).
19. Sentjabrskaja, T. et al. Yielding of binary colloidal glasses. Soft Matter 9, 4524 (2013).
20. Sentjabrskaja, T. et al. Transient dynamics during stress overshoots in binary colloidal glasses. Soft Matter 10, 6546 (2014).
21. Varnik, F. Structural relaxation and rheological response of a driven amorphous system. J. Chem. Phys. 125, 164514 (2006).
22. Besseling, R., Weeks, E. R., Schofield, A. B. & Poon, W. C. K. Three-dimensional imaging of colloidal glasses under steady shear. 
Phys. Rev. Lett. 99, 028301 (2007).
23. Schall, P., Weitz, D. A. & Spaepen, F. Structural rearrangements that govern flow in colloidal glasses. Science 318, 1895 (2007).
24. Laurati, M. et al. Transient dynamics in dense colloidal suspensions under shear: Shear rate dependence. J. Phys.: Condens. Matt. 
24, 464104 (2012).
25. Brader, J. M., Voigtmann, T., Fuchs, M., Larson, R. G. & Cates, M. E. Glass rheology: From mode-coupling theory to a dynamical 
yield criterion. Proc. Natl. Acad. Sci. 106, 15186 (2009).
26. Zausch, J. et al. From equilibrium to steady state: the transient dynamics of colloidal liquids under shear. J. Phys.: Condens. Matter 
20, 404210 (2008).
27. Koumakis, N., Laurati, M., Egelhaaf, S. U., Brady, J. F. & Petekidis, G. Yielding of Hard-Sphere Glasses during Start-Up Shear. 
Phys. Rev. Lett. 108, 098303 (2012).
28. Chaudhuri, P. & Horbach, J. Onset of flow in a confined colloidal glass under an imposed shear stress. Phys. Rev. E 88, 040301(R) 
(2013).
29. Andrade, E. N. On the Viscous Flow in Metals, and Allied Phenomena. Proc. R. Soc. Lond. A 84, 1 (1910).
30. Rosti, J., Koivisto, J., Laurson, L. & Alava, M. Fluctuations and Scaling in Creep Deformation. Phys. Rev. Lett. 105, 100601 (2010).
31. Koumakis, N., Brady, J. F. & Petekidis, G. Complex oscillatory yielding of model hard-sphere glasses. Phys. Rev. Lett. 110, 178301 
(2013).
32. Mohan, L., Pellet, C., Cloitre, M. & Bonnecaze, R. Local mobility and microstructure in periodically sheared soft particle glasses 
and their connection to macroscopic rheology. J. Rheol. 57, 1023 (2013).
33. Lin, N. Y. C. et al. Far-from-equilibrium sheared colloidal liquids: Disentangling relaxation, advection, and shear-induced 
diffusion. Phys. Rev. E 88, 062309 (2013).
34. Yao, N., Larsen, R. J. & Weitz, A. D. Probing nonlinear rheology with inertio-elastic oscillations. J. Rheol. 52, 1013 (2008).
35. Chen, K., Schweizer, K. S., Stamm, R., Lee, E. & Caruthers, J. M. Theory of Nonlinear Creep in Polymer Glasses. J. Chem. Phys. 
129, 184094 (2008).
36. Chen, K. & Schweizer, K. S. Theory of aging, rejuvenation, and the nonequilibrium steady state in deformed polymer glasses. 
Phys. Rev. E. 82, 041804 (2010).
37. Chen, K., Saltzman, E. J. & Schweizer, K. S. Molecular Theories of Segmental Dynamics and Mechanical Response in Deeply 
Supercooled Polymer Melts and Glasses. Annu. Rev. Condens. Matter Phys. 1, 277 (2010).
38. Amon, A., Nguyen, V. B., Bruand, A., Crassous, J. & Clement, E. Hot Spots in an Athermal System. Phys. Rev. Lett. 108, 135502 
(2012).
39. Bocquet, L., Colin, A. & Ajdari, A. Kinetic Theory of Plastic Flow in Soft Glassy Materials. Phys. Rev. Lett. 103, 036001 (2009).
40. Chikkadi, V., Wegdam, G., Bonn, D., Nienhuis, B. & Schall, P. Long-Range Strain Correlations in Sheared Colloidal Glasses. Phys. 
Rev. Lett. 107, 198303 (2011).
41. Lemaitre, A. & Caroli, C. Rate-Dependent Avalanche Size in Athermally Sheared Amorphous Solids. Phys. Rev. Lett. 103, 065501 
(2009).
42. Karmakar, S., Lerner, E. & Procaccia, I. Athermal nonlinear elastic constants of amorphous solids. Phys. Rev. E. 82, 055103 
(2010).
43. Gee, M. L., McGuiggan, P. M., Israelachvili, J. N. & Homola, A. M. Liquid to solid like transitions of molecularly thin films under 
shear. J. Chem. Phys. 93, 1895 (1990).
44. Moorcroft, R. L. & Fielding, S. M. Criteria for Shear Banding in Time-Dependent Flows of Complex Fluids. Phys. Rev. Lett. 110, 
086001 (2013).
45. Yethiraj, A. & van Blaaderen, A. A colloidal model system with an interaction tunable from hard sphere to soft and dipolar. 
Nature 421, 513 (2003).
46. Poon, W. C. K., Weeks, E. R. & Royall, C. P. On measuring colloidal volume fractions. Soft Matter 8, 21 (2012).
47. Crocker, J. C. & Grier, D. G. Methods of Digital Video Microscopy for Colloidal Studies. J. Colloid Interface Sci. 179, 298–310 
(1996).
48. Zausch, J. & Horbach, J. The build-up and relaxation of stresses in a glass-forming soft-sphere mixture under shear: A computer 
simulation study. Europhys. Lett. 88, 60001 (2009).
49. Koopman, E. A. & Lowe, C. P. Advantages of a Lowe-Andersen thermostat in molecular dynamics simulations. J. Chem. Phys. 
124, 204103 (2006).
Acknowledgements
We thank A.B. Schofield for the colloidal particles and K.J. Mutch for help with the analysis of the 
experimental data. We acknowledge support from the Deutsche Forschungsgemeinschaft through the 
Research unit FOR1394 (Projects P2 and P8) and EU funding through the FP7-Infrastructures “ESMI” 
www.nature.com/scientificreports/
1 1Scientific RepoRts | 5:11884 | DOi: 10.1038/srep11884
(CP&CSA-2010-262348). Further, NIC Jülich is thanked for providing computing time. The Edinburgh 
work was funded by EPSRC grant EP/J007404/1.
Author Contributions
T.S., M.H., W.C.K.P., S.U.E and M.L. performed, analysed or interpreted the experiments which are 
based on equipment in the lab of M.H. and W.C.K.P., P.C. and J.H. performed, analysed or interpreted 
the simulation. All authors contributed to the interpretation and comparison of the data as well as the 
writing of the manuscript.
Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Sentjabrskaja, T. et al. Creep and flow of glasses: strain response linked to the 
spatial distribution of dynamical heterogeneities. Sci. Rep. 5, 11884; doi: 10.1038/srep11884 (2015).
This work is licensed under a Creative Commons Attribution 4.0 International License. The 
images or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the 
Creative Commons license, users will need to obtain permission from the license holder to reproduce 
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/
